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ABSTRACT
We present the Bayesian Asteroseismology data Modeling (BAM) pipeline, an automated astero-
seismology pipeline that returns global oscillation parameters and granulation parameters from the
analysis of photometric time-series. BAM also determines if a star is likely to be a solar-like oscillator.
We have designed BAM to specially process K2 light curves, which suffer from unique noise signatures
that can confuse asteroseismic analysis, though it may be used on any photometric time series — in-
cluding those from Kepler and TESS. We demonstrate the BAM oscillation parameters are consistent
within ∼ 1.53%(random)± 0.2%(systematic) and 1.51%(random)± 0.6%(systematic) for νmax and ∆ν
with benchmark results for typical K2 red giant stars in the K2 Galactic Archaeology Program’s (GAP)
Campaign 1 sample. Application of BAM to 13016 K2 Campaign 1 targets not in the GAP sample
yields 104 red giant solar-like oscillators. Based on the number of serendipitous giants we find, we
estimate an upper limit on the average purity in dwarf selection among C1 proposals is ≈ 99%, which
could be lower when considering incompleteness in BAM detection efficiency, and proper motion cuts
specific to C1 Guest Observer proposals.
Keywords: asteroseismology, methods: data analysis, stars: oscillations
1. INTRODUCTION
Solar-like oscillators are stars that support standing
acoustic waves excited by surface convection, and whose
global frequency characteristics are determined by the
stellar density and surface gravity (e.g., Ulrich 1986;
Brown et al. 1991; Kjeldsen & Bedding 1995). The fre-
quencies may be measured in radial velocity variations
or in photometric variability. Detecting mode frequen-
cies in solar-like oscillators yields precise determinations
of fundamental stellar parameters like mass and radius.
However, only about a dozen stars had been observed
to exhibit solar-like oscillations prior to the results from
the space-based CoRoT (Baglin et al. 2006) and Ke-
pler (Borucki et al. 2008) missions. With improved pho-
tometric precision compared to ground-based observa-
tions, and continuous monitoring of many stars simulta-
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neously for up to four years with Kepler, solar-like oscil-
lations have been photometrically detected in thousands
of stars — mostly red giants (e.g., De Ridder et al. 2009;
Hekker et al. 2009; Bedding et al. 2010; Mosser et al.
2010; Stello et al. 2013; Yu et al. 2018). In light of these
large asteroseismic data sets, several pipelines have been
developed in order to automatically extract asteroseis-
mic parameters (e.g., OCT [Hekker et al. 2010], CAN
[Kallinger et al. 2010, 2014, 2016], COR [Mosser & Ap-
pourchaux 2009], A2Z [Mathur et al. 2010]).
Among these pipelines is SYD (Huber et al. 2009),
much of whose success can be attributed to taking ad-
vantage of known scaling relations among stellar granu-
lation, the frequency of maximum power (νmax), and
the overtone frequency separation (∆ν) (Kjeldsen &
Bedding 2011) to provide accurate initial guesses for
fitting parameters. A significant shortcoming of SYD
(and other similar pipelines) is that it does not assess
if a given star shows excess power from oscillations in a
statistically robust way, hence requiring post-processing
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2and often visual verification. This introduces significant
unknown, and subjective, detection bias, which hampers
population analyses of the seismic sample. Ensuring re-
producible selection functions is particularly important
for applications aimed to perform Galactic archaeology
studies Stello et al. (2017).
In this paper we introduce a new pipeline, the
Bayesian Asteroseismology data Modelling Pipeline
(BAM), which builds on the SYD pipeline with an eye
toward automatic, robust classification of light curves.
BAM formalizes relations among granulation, νmax, and
∆ν through a Bayesian framework in which these re-
lations are implemented as priors. It is this Bayesian
framework that then allows for a self-consistent, statis-
tical separation of oscillators from non-oscillators.
BAM was also developed with the particular chal-
lenges involved in extracting asteroseismic parameters
from the re-purposed Kepler mission, K2, in mind. Fol-
lowing the failure of two of its reaction wheels, the Ke-
pler satellite was re-aligned to point in the ecliptic plane.
As opposed to Kepler’s single field of view in Cygnus,
the K2 pointing pattern covers the ecliptic plane with a
footprint of about 100 square degrees, which is reposi-
tioned every ∼ 80 days by typically ∼ 90 degrees along
the ecliptic. However, periodic small-angle pointing cor-
rections are performed every six hours by firing the
spacecraft thrusters, which introduce instrumental sig-
natures in K2 light curves. These features unfortunately
correspond to typical frequencies of red giant oscilla-
tions, and can mimic true asteroseismic oscillations near
∼ 47µHz (the 6 hour thruster firing frequency period).
Because this instrumental feature overlaps in frequency
with where a typical red clump star shows maximum os-
cillation power, it can hinder recovering red clump stars,
which comprise the largest population of red giants in
the Galaxy. BAM’s Bayesian framework uses informa-
tion like the amplitude of the power excess and the shape
of the rest of the power spectrum to distinguish between
K2 thruster firing noise and genuine oscillations. In ad-
dition to this instrumental feature, the K2 white noise
level is typically larger than the white noise of the orig-
inal Kepler mission by a factor of about two, depend-
ing on how the data are processed. (However, several
K2 light curve processing pipelines have reported near-
Kepler white noise levels [Vanderburg & Johnson 2014;
Lund et al. 2015; Armstrong et al. 2015; Aigrain et al.
2016; Luger et al. 2016].)
In addition to describing how BAM works in this pa-
per, we apply it to extract global oscillation parameters
for red giants observed serendipitously by K2 through
Guest Observer (GO) programs targeting dwarf stars
during Campaign 1. This new sample of giants there-
fore adds to the already known red giant sample from
Stello et al. (2017).
2. DATA
In this paper, we work with two sets of K2 light curves:
1) the Campaign 1 (C1) target sample from the K2
Galactic Archaeology Program (GAP; Stello et al. 2015,
2017)1, which comprises 8630 stars, and 2) all non-GAP
C1 targets, of 13016 in total.2 Results from BAM for
the former sample have been published in Stello et al.
(2017). We review some of those results here, and extend
the application of BAM to the latter sample in order to
identify serendipitous red giants.
All our C1 light curves have been generated by Van-
derburg & Johnson (2014) (VJ), who perform aperture
photometry on K2 images and remove trends associated
with centroid errors caused by the spacecraft’s unstable
pointing. We will show below that this preprocessing
does not completely remove the thruster-induced instru-
mental features from the data, and therefore requires
additional processing in BAM.
We begin by first removing trends on time-scales much
longer than solar-like oscillation time-scales for the stars
we are interested in. For each light curve, we perform
high-pass filtering by dividing the VJ light curve by a
4-day wide boxcar-smoothed version of the light curve,
thus imposing a high-pass cutoff frequency of ∼ 3µHz;
frequencies below this limit are not considered in any of
our analysis.3 Next, we fill in small gaps in the light
curve of up to three consecutive points with linear in-
terpolation, and remove 4σ outliers. This procedure re-
sults in a smoother power spectrum and less contami-
nation from the spectral window, without biasing global
oscillation parameters (Stello et al. 2015). We will see,
however, that for some stars, additional measures are re-
quired to account for spectral window effects. We then
calculate a power spectrum of the resulting light curve
with a Lomb-Scargle periodogram (Scargle 1982).
Despite the efforts to remove systematic errors, the VJ
light curves still exhibit non-negligible contamination at
frequencies of 48.1 µHz and 46.3 µHz due to thruster
firings. Generally, we do not find excess power at the
nominal thruster firing frequency of 47.22 µHz. Fig-
ure 1 shows a median power spectrum across all GAP
C1 spectra (8630 spectra in total) in a region around the
thruster firing frequency. To calculate this spectrum, we
1 http://www.physics.usyd.edu.au/k2gap/
https://archive.stsci.edu/prepds/k2gap/
2 We exclude the Trans-Neptunian object, EPIC 200001049.
3 We do, however, identify red giants with solar-like oscillations
at frequencies ∼ 3µHz, but the measured frequencies are upper
limits and are not assigned errors.
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Figure 1. The median spectrum for all C1 objects. We
identify two regions particularly affected by K2 noise in VJ
light curves: 46.3µHz± 0.4µHz (left) and 48.1µHz± 0.2µHz
(right). The middle grey shaded region (47.22µHz±0.2µHz)
corresponds to the nominal thruster firing frequency of the
spacecraft. These regions are treated specially in BAM, as
described in the text.
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Figure 2. Two examples of a wavelet analysis of the same
frequency range around the nominal thruster firing frequency
as shown in Figure 1, for EPIC 201134185 (top) and EPIC
201160064 (bottom). Clearly the 48.1µHz and 46.3µHz in-
strumental features seen in the median spectrum (Fig. 1)
are not necessarily both present in every light curve at the
same level, and do not necessarily persist over the entire time
baseline.
normalized each spectrum to the white noise level, de-
fined to be the median power density in a range from
250 µHz to the Nyquist frequency of 283 µHz.
In order to investigate whether the thruster firing
noise features showed temporal variation over the course
of the campaign, we computed a wavelet periodogram
using the astroML library (Vanderplas et al. 2012). The
chosen wavelet has the form
w(t, t0, f0, Q) ∝ e−[f0(t−t0)/Q]2e2piif0(t−t0),
where t0 and f0 are the time and frequency of the 2D
wavelet transform, t is the time coordinate for the en-
tire baseline considered, and Q is a factor determining
the time resolution of the wavelet transform : Q → ∞
recovers a Fourier transform and Q→ 0 yields a wavelet
periodogram with infinite temporal resolution. We set
Q = 30 for analyzing the noise feature of interest, which
allows for resolving features in time of approximately
1/10 the baseline of C1, i.e., 8 days.
Two representative wavelet periodograms for C1 are
shown in Figure 2. We find that there are definite
temporal structures in the frequency domain of the K2
thruster firing noise. We note that C1 light curves re-
duced by Angus et al. (2016) also exhibit qualitatively
similar features.
Given these noise features are present in most of the
VJ light curves, we remove the affected regions of the
power spectra in Fourier space by replacing each fre-
quency bin in 0.2µHz-wide regions on either side of
47.2µHz and 48.1µHz, and a 0.4µHz-wide region on ei-
ther side of 46.3µHz. We replace the power density in
this region with power drawn from a chi-square distribu-
tion scaled to a linear interpolation between the median
power in regions 5µHz on either side of the affected re-
gions.
3. METHODS
After the pre-processing of the power spectrum with
power, Ao(νj), at discrete frequencies, νj , which consti-
tutes our data, D, we then fit a smooth background com-
ponent to the power spectrum, whose sets of parameters,
θmeso and θgran, are used as guesses for a subsequent
stage of determining the global asteroseismic parameter
νmax and the other parameters describing the oscillation
excess, θexcess, which is finally used to guide fitting the
global asteroseismic parameters related to ∆ν, θ∆ν .
We discuss each step in turn below.
3.1. Granulation calculation
BAM first fits a two-component Harvey-like model
that Kallinger et al. (2014) find best describes the
smooth background component of Kepler red giant
4power spectra:
A(νj) =
[
WN (νj)sinc
(
pi
2
νj
νNyq
)]2 ∑
i=1,2
σ2i τi
1 + (piνjτi)4
+ WN
(1)
= Ameso(νj) +Agran(νj) + WN, (2)
where WN represents a white noise term, which will
dominate red giant power spectra at high frequencies;
σi are amplitudes of each so-called Harvey components;
and τi are their characteristic time-scales. Ameso(νj) and
Agran(νj) are defined here to be the two Harvey compo-
nents of the granulation background. The sinc pre-factor
with dependence on the Nyquist frequency, νNyq, arises
due to K2’s finite exposure times, and WN (νj) is the
spectral window function (see Kallinger et al. 2014 for
more details).
Of the two Harvey-like components, the component at
higher frequency is attributed to granulation, whereby
the integrated light from the stellar disk varies due
to convective cell brightness variations. The lower-
frequency component is attributed to meso-granulation,
which is likely due to the variation in convective cell
brightness for cells with sizes around 5 − 10 times that
of granular cells (for a review of convection on the stel-
lar surface, see Nordlund et al. 2009). For bookkeeping
purposes, we require that the second component always
be identified with the granulation background for which
τmeso > τgran and σ
2
granτgran < σ
2
mesoτmeso.
We achieve a robust fit to the granulation background
by taking advantage of scaling relations between νmax
and the granulation parameters (σ and τ) noted by pre-
vious work (e.g., Kjeldsen & Bedding 2011; Kallinger
et al. 2010). These relations naturally translate into
priors in a Bayesian framework. We construct priors on
the granulation parameters as detailed in Table 1. The
final prior for a set of trial parameters is the product of
the individual priors according to:
P (θmeso = {σmeso, τmeso}, θgran = {σgran, τgran}, θexcess)
= P (σmeso|τmeso, σgran, τgran|θexcess)
P (τmeso, τgran|σgran, θexcess)P (σgran|θexcess)P (θexcess)
= P (σmeso|νmax)P (τmeso|νmax)P (τgran|νmax)P (τmeso
τgran
)
P (σgran|νmax),
(3)
for which we introduce the notation θexcess to indicate
parameters describing the solar-like oscillations (as dis-
tinguished from the granulation parameters), and whose
parameters (other than νmax) are defined later. The
granulation priors are conditional upon νmax, and, in
this sense, νmax is a latent variable that defines the re-
lationships among all the granulation parameters.
Subsequently, we define a posterior probability given
by
P (θmeso, θgran|D = {(νj , Ao(νj)), j = 0, 1, 2, ...}, θexcess)
∝ P (θmeso, θgran|θexcess)
∏
j
[
1
A(νj)
exp
(
−Ao(νj)
A(νj)
)]
.
(4)
Here, Ao(νj) is the observed spectral density and A(νj)
is the model given by Equation 2. Note that the above
expression assumes χ2 statistics and not Gaussian statis-
tics to describe Ao(νj)/〈A(νj)〉 ∼ χ2(2), where the ob-
served spectrum is critically-sampled and the observed
spectrum is modeled by A(νj).
Given a Bayesian model for the data, we explore
the parameter space with Monte Carlo Markov Chains
(MCMC), as implemented in emcee (Foreman-Mackey
et al. 2013), and report best-fitting parameters as the
median of their marginalized posterior distributions, and
the uncertainty as the average of the range around
the median encompassing 64% of the distribution. Of
course, the prior factor, P (θmeso, θgran|θexcess) depends
on νmax (see Table 1). We simultaneously fit for νmax
and the background parameters, with a guess for νmax
calculated from a smoothed version of the spectrum, as
in the SYD pipeline (Huber et al. 2009). Note that in
this step, the region of power excess is not explicitly
modeled, and so νmax is implemented effectively as a
dummy variable for this granulation model fitting stage
of the process. The resulting best-fitting parameters are
then used as initial guesses for a more complicated model
that adds an additional component to describe the os-
cillation excess power, which we describe next.
Ultimately, BAM allows the user to choose which of
the priors listed in Table 1 are to be used. The results
presented in this paper do not use the first four priors
of Table 1 for this granulation background fitting step,
though they are used for the subsequent fitting step that
determines νmax and Amax, as described in the next sec-
tion. The extent to which the priors in Table 1 are
applied does not significantly affect the resulting νmax
value.
3.2. νmax and Amax calculation
In the subsequent step, we add another component to
the model such that
Atot(νj) = Ameso(νj)+Agran(νj)+Aexcess(νj)+WN, (5)
where Aexcess represents the power excess from solar-
like oscillations, and Ameso(νj), Agran(νj), and WN are
5Parameter Prior Distribution Use
lnσgran N (−0.609 ln νmax + 8.70, 0.165) Eq. 4 & Eq. 8
ln τgran N (−0.992 ln νmax − 1.09, 0.0870) Eq. 4 & Eq. 8
lnσmeso N (−0.609 ln νmax + 8.70, 0.165) Eq. 4 & Eq. 8
ln τmeso N (−0.970 ln νmax + 0.00412, 0.970) Eq. 4 & Eq. 8
ln τmeso
τgran
N (1.386, 0.316) Eq. 4 & Eq. 8
ln b N (1.05 ln νmax − 1.91, 0.198) Eq. 8
lnAmax + ln b N (−1.32 ln νmax + 14.5, 1.22) Eq. 8
Table 1. Priors used for the full power spectrum fit, Equa-
tion 8, adapted from Kallinger et al. (2010). The notation
N (a, b) indicates a Gaussian distribution with mean a and
standard deviation b. Whether or not a given prior enters
into Equation 4 or Equation 8 is indicated in the final col-
umn.
defined in Equation 2. We model Aexcess as a Gaussian
profile
Aexcess = Amax
[
WN (νj)sinc
(
pi
2
νj
νNyq
)]2
exp
[
− (νj − νmax)
2
2b2
]
.
(6)
Our prior is now:
P (θmeso, θgran, θexcess = {Amax, νmax, b}) =
P (σmeso|τmeso, τgran, σgran, θexcess)
P (τmeso, τgran|σgran, θexcess)P (σgran|θexcess)P (θexcess)
= P (σmeso|νmax)P (τmeso|νmax)P (τgran|νmax)P (τmeso
τgran
)
P (σgran|νmax)P (b, Amax, νmax)
= P (σmeso|νmax)P (τmeso|νmax)P (τgran|νmax)P ( τmeso
τgran
)
P (σgran|νmax)P (b|νmax)P (Amax, b|νmax).
(7)
We construct a posterior probability given by:
P (θmeso, θgran, θexcess|D) ∝ P (θmeso, θgran, θexcess)∏
j
[
1
Atot(νj)
exp
(
− Ao(νj)
Atot(νj)
)]
.
(8)
In this case, the total prior is a product over all priors
listed in Table 1. By first fitting the parameters of the
granulation as described in §3.1 and subsequently using
these as priors for the fit involving both the granulation
model and the Gaussian excess, we reduce the burn-in
time and the chance of getting stuck at local maxima. It
will also make more convenient our oscillator selection
process, described in §3.6.
3.3. Low frequency oscillators
We find that objects oscillating at frequencies νmax .
15µHz exhibit significant spectral leakage at frequencies
30µHz . ν . 100µHz, often confusing the pipeline to fit
a νmax at the location of the leakage, as shown in Fig-
ure 3a. We correct for this leakage at each step in our
MCMC chains: for each trial model granulation spec-
trum (Eq. 2), we compute an amplitude spectrum, with
each frequency in the spectrum being assigned a random
spectral phase. This amplitude spectrum is then con-
volved with the spectral window, and squared to yield
a power spectrum (see Murphy et al. 2013 for a worked
example of how to contend with the spectral window in
the context of asteroseismology, specifically). A lightly
smoothed version of this convolved granulation power
spectrum is added to the power excess term to create
a model of the power spectrum that takes into account
spectral leakage. This model is then fitted to the ob-
served power spectrum within the Bayesian framework.
Note that the trial power excess term is not convolved
with the window function, as it turns out it adds min-
imally to the spectral leakage compared to the granu-
lation background, and it can lead to unstable fits in
which the entire spectrum is modeled as a Gaussian ex-
cess plus its resulting spectral leakage. We find that
this procedure results in correct νmax identifications for
νmax . 15. Correcting for spectral leakage results in
a statistically significant difference in fitted granulation
parameters for low frequency oscillators (Fig. 3b; note
difference in shape of blue curve in regions dominated
by granulation).
A caveat for these stars is that the lowest νmax (νmax .
4µHz) values likely represent upper limits for νmax be-
cause the K2 resolution prevents an unambiguous deter-
mination of νmax. Indeed, at frequencies near ∼ 3µHz,
there may only be three modes visible (e.g., Stello et al.
2014), which limits the precision with which a central
νmax may be defined using the Gaussian to model oscil-
lation excess (Eq. 6).
3.4. ∆ν calculation
We furthermore take advantage of the correlation be-
tween νmax and ∆ν to place a prior on ∆ν in the same
way we place priors on granulation parameters described
in §3.1 & §3.2. Because of the short duration of K2 light
curves (∼ 80 days), individual modes may not be well-
resolved, and therefore the large frequency separation
can be difficult to measure. BAM measures ∆ν in two
independent ways: one using the SYD autocorrelation
method (see Huber et al. 2009), and the other using the
∆ν-folded power spectrum centered around νmax and
extending on 3∆ν on either side, as shown in Figure 4.
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Figure 3. Raw (black) and smoothed (red) power spectrum of EPIC 201186616, and model fits without (a) and with (b)
spectral window corrections (blue). Each component of the models is shown in green dashed curves (white noise, Gaussian
excess, and Harvey components). The meso-granulation component does not contribute significantly to the fit upon spectral
window correction, and so is not shown in (b).
Parameter Prior Distribution
δ01 N (−0.025∆νa, 0.1∆νb)
δ02 N (0.121∆νa + 0.047a, 0.1∆νb)
A0 N (1.0c, 0.15b)
A1 N (0.5c, 0.15b)
A2 N (0.8c, 0.15b)
FWHM0 U(0.035∆νbguess, 0.45∆νbguess)
FWHM1 U(0.035∆νbguess, 0.9∆νbguess)
FWHM2 U(0.035∆νbguess, 0.45∆νbguess)
∆ν N (∆νbguess, 0.15b∆νguess)
C U(0.001b, 0.1b)
Table 2. Priors used for the fit to ∆ν, Equation 9. The
notation U(a, b) indicates a uniform distribution between a
and b. Priors adapted from Huber et al. (2010)a; Current
workb; and Stello et al. (2016)c. ∆νguess is the expected ∆ν
given a νmax, from Stello et al. (2009): ∆νguess ≡ 0.263ν0.772max .
The background contribution from the Harvey compo-
nents of the model are divided out, and the folded power
spectrum is computed by folding the spectrum on ∆ν,
where each bin of the folded spectrum contains the sum
over the power by folding the spectrum 3∆ν on either
side of νmax by ∆ν; the bins are then normalized such
that the highest peak of the folded power spectrum is
unity. For the majority of red giants the folded spectrum
shows three broad oscillation power excess regions cor-
responding to the radial, dipole, and quadrupole modes.
We do not fit an octopole mode component because its
low power usually makes it undetectable in K2 data.
We obtain ∆ν from this diagram by modeling it using
three Lorentzian profiles, appropriate for solar-like oscil-
lation modes, corresponding to the radial (` = 0), dipole
7(` = 1), and quadrupole (` = 2) modes, as follows :
Afolded(νj , (ν`, A`,FWHM`)`=0,1,2,∆ν, C) =
`=2∑
`=0
A`
1.0 +
[(νj mod ∆ν)−ν`]2
FWHM2`/4
+ C.
(9)
C is a constant to model the imperfections when remov-
ing the background level in the vicinity of νmax. The
frequencies of the modes, ν`, in the folded central power
spectrum are given by :
ν0 ≡ 
ν1 = ν0 − 1
2
∆ν + δν01
ν2 = ν0 − δν02.
The positions of the non-radial modes with respect to
the radial mode, , thus follow standard definitions (e.g.,
Bedding & Kjeldsen 2010), such that a given mode in
the spectrum has a frequency, ν, given by ν ≈ ∆ν(n +
`/2 + ), where n is the radial order of the mode.
Placing priors on the above parameters as detailed in
Table 2 following the procedure in §3.1 & §3.2 of the
form
P (θ∆ν = {(δ01, δ02), (A0, A1, A2),
(FWHM0,FWHM1,FWHM2),∆ν, C}|θexcess)
= P ((δ01, δ02), (A0, A1, A2),
(FWHM0,FWHM1,FWHM2),∆ν|b, Amax, νmax)
= P ((δ01, δ02)|νmax)P ((A0, A1, A2)|νmax)
P ((FWHM0,FWHM1,FWHM2)|νmax)P (∆ν|νmax)
yields a posterior probability
P (θ∆ν |D, θexcess) ∝ P (θ∆ν |θexcess)∏
j
[
Ao,folded,j(νj ,∆ν)
nj−1
Afolded,j(νj , θ∆ν)nj
exp
(
−njAo,folded(νj ,∆ν)
Afolded(νj , θ∆ν)
)]
(10)
where we use the statistics for an averaged spectrum
derived in Appourchaux (2003). Ao,folded(νj ,∆ν) is the
power at frequency bin νj in the observed folded spec-
trum for a given ∆ν, and is a function of ∆ν: depending
on ∆ν, the folding process will distribute the power in
frequency bins, Ao,folded(νj ,∆ν), differently. In practice
what this requires is re-computing the folded spectrum
for each trial ∆ν in our MCMC. Afolded(νj , θ∆ν) is the
model for the folded spectrum (Eq. 9), and nj is the
number of points that went into the sum over power for
that bin in the folded power spectrum.
Using the folded spectrum is particularly useful for
determining ∆ν from K2 data because individual mode
frequencies are not very well resolved. What compli-
cates the recovery of ∆ν in the presence of degraded
spectral resolution is that observed mode amplitudes
and phases (and hence frequencies) are not stable with
time, and have intrinsic scatter. This is because the
oscillations are stochastically-driven and damped (e.g.,
Woodard 1984), which causes continuous variation in
the centroid of mode frequencies and their amplitudes.
The random behavior of the stochastic mode profile can
only be mitigated by averaging spectra that are inde-
pendent in frequency or in time (for a review of power
spectrum statistics in the context of solar-like oscilla-
tions, see Anderson et al. 1990, and references therein).
The folded spectrum approach therefore effectively aver-
ages out the random behavior of the modes and increases
their signal-to-noise, and is what would be called an ‘m-
averaged’ spectrum (Anderson et al. 1990) in the context
of solar modes.
To find the optimal ∆ν, we start with a guess value
derived from the ∆ν–νmax relation by Stello et al. (2009)
∆νguess = 0.263ν
0.772
max . (11)
We determine best-fitting values by MCMC, in which
∆ν is constrained to be 0.7∆νguess < ∆ν < 1.3∆νguess
and apply priors as described in Table 2. BAM re-
turns ∆ν values for stars for which there is agreement
to within 2σ with ∆ν computed using the SYD autocor-
relation method and for which the uncertainty on ∆ν is
less than the spread in the ∆ν prior. The latter re-
quirement captures information about how reliably the
modes have been fit, and serves as a means of determin-
ing which stars have more information about ∆ν than
our prior choice. Note that BAM’s second, separate ∆ν
value from an autocorrelation approach acts as a sort
of second opinion. This autocorrelation ∆ν will not in
general be the same ∆ν that a stand-alone application
of the SYD pipeline to the same star would: the auto-
correlation method requires a νmax to identify the region
of the power spectrum that contains the power excess,
and it also requires a removal of the smooth background
of the power spectrum, both of which are independent
of SYD in this case (for details of the autocorrelation
approach to calculating ∆ν, see Huber et al. 2009). We
show an example of a model fit to the folded spectrum
from this process in Figure 4.
Importantly, the priors that are placed on ∆ν are not
too stringent. We tested the sensitivity of our ∆ν re-
sults on priors by increasing the spread in the ∆ν prior
to 0.9∆νguess from 0.15∆νguess (see Table 2). For con-
firmed oscillators in the C1 K2 GAP sample, our best-
fitting ∆ν values are not significantly different when us-
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Figure 4. An example fit by BAM to the folded cen-
tral power spectrum, with best-fitting model (red) and data
(grey); black error bars are calculated as described in the
text, of which every 5th is shown, for clarity.
ing our fiducial prior or a widened prior. We show the
difference in best-fitting ∆ν using these two different
priors in Figure 5. The spread is less than 0.1σ for the
majority of objects, indicating that the priors indeed do
not significantly impact the determination of ∆ν.
3.5. Comparison to SYD
BAM parameters agree favorably with those com-
puted by other techniques via different pipelines, as
demonstrated in (Stello et al. 2017). As a point of
comparison to a well-established asteroseismic pipeline,
Figure 6 shows BAM νmax and ∆ν values compared to
those from SYD for the C1 GAP oscillator sample. The
BAM parameters for this comparison exercise have been
re-derived using slightly different methodology than de-
scribed in the GAP Data Release 1 (GAP DR1) release
paper (Stello et al. 2017) so as to be consistent with the
methodology presented in this work. SYD values for ∆ν
and νmax are taken directly from GAP DR1. Only giants
candidates that were verified to be such by eye in Stello
et al. (2017) and that BAM selects as giants according
to §3.6 are considered in this comparison exercise.
The median in the normalized distribution of dif-
ferences between BAM and SYD ∆ν values for this
GAP comparison sample (solid black vertical line in Fig-
ure 6b) indicates a systematic offset of ∼ 0.6%. The red
histogram in Figure 6b shows the ∆ν differences dis-
−0.6 −0.4 −0.2 0.0 0.2 0.4 0.6
(∆νBAM -∆νBAM, wide)/σ
0.0
0.5
1.0
1.5
2.0
2.5
3.0
N
or
m
al
iz
ed
co
un
tp
er
bi
n
Figure 5. The difference in best-fitting ∆ν when using a
∆ν prior of width 0.9∆νguess (∆νBAM, wide) versus the nom-
inal 0.15∆νguess, normalized by the error in the difference,
σ; error bars on the histogram bins correspond to Poisson
uncertainties.The vertical line corresponds to the median of
the distribution.This indicates that the differences between
BAM runs with an expanded prior on ∆ν results in insignifi-
cant differences — 10 times smaller than the error on ∆ν —
in the resulting ∆ν.
tribution if the BAM values are re-scaled downward by
0.6%, which brings the distribution into better align-
ment with the expected Gaussian. The median in the
distribution of νmax differences indicates a marginally
significant (1σ) systematic offset between the two numax
scales (solid black vertical line in Figure 6a), and which
corresponds to a difference in BAM and SYD νmax scales
of ∼ 0.2%. There does appear to be an under-estimation
of either BAM or SYD ∆ν values (black histogram in
Figure 6a), which is ameliorated by re-scaling the er-
ror on the difference upward by 30% (red histogram in
Figure 6a).
Given that Kallinger et al. (2014) found systematic
differences of up to ∼ 5% in νmax depending on the
model used for the meso-granulation and granulation
background, any small systematic difference in νmax
could easily be due to the different treatment of the
background between BAM and SYD. For example, the
sinc term in Equation 2 is not included in the SYD
pipeline. This difference in methodology could plau-
sibly explain the 0.6% systematic difference in ∆ν, as
well: the positions of the modes used to measure ∆ν
will be affected by the choice of the meso-granulation
and granulation background, which are removed before
calculating the folded spectrum.
Apart from these systematic differences, we find BAM
parameters are consistent with SYD to within ∼ 1.53%
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Figure 6. Distributions of the differences between BAM
and SYD νmax (a) and ∆ν (b), normalized by the sum in
quadrature of their errors, σ ≡
√
σ2νmax, BAM + σ
2
νmax, SYD
and σ ≡
√
σ2∆νBAM + σ
2
∆νSYD
. The medians of both distri-
butions are shown as vertical, solid black lines; error bars on
the histogram bins correspond to Poisson uncertainties. The
red distributions in each panel indicate the distributions of
differences in BAM and SYD values after systematic differ-
ences in central value and/or uncertainties are corrected, ac-
cording to the text. The dotted curve is a Gaussian, to guide
the eye; the vertical dashed line is centered at zero. Stars
plotted here are drawn from the C1 GAP sample deemed
from manual inspection to be definite oscillators (see Stello
et al. 2017) and such that both SYD and BAM as imple-
mented in this work returned νmax or ∆ν values.
and 1.51% for νmax and ∆ν, which correspond to the
BAM GAP sample mean fractional errors on νmax and
∆ν, respectively. There is some ambiguity as to the
agreement in νmax, where the errors on νmax for either
BAM or SYD may be under-estimated by up to 30%,
given the non-Gaussianity of the νmax difference distri-
bution (black histogram in Figure 6a). Non-Gaussianity
in comparisons across pipelines was also found in Stello
et al. (2017), and in part is caused by under- and
over-estimation of errors in K2 asteroseismic parame-
ters (Pinsonneault et al. 2018, Zinn et al., in prep.).
3.6. Bayesian oscillator selection
Because our approach for measuring the oscillation
and granulation parameters will always provide a best-
fitting model, even if there is no solar-like oscillation
signal, we still need to determine if a fit corresponds to
a true detection. As mentioned in §1, BAM’s Bayesian
approach means that we can use the parameter fits to
determine which stars are, and are not, true oscillators.
This is essentially a problem in model comparison:
does the model with a power excess term (Equation 5)
describe a star’s power spectrum better or does one with-
out power excess (Equation 2)? Jeffreys (1935) first for-
malized model comparison in a Bayesian approach using
what is now called the Bayes factor, defined to be the
ratio of the posterior odds in favor of a model to its prior
odds. The Bayes factor derives simply from Bayes theo-
rem, by which the posterior odds of M1 can be written
as
P (M1|D)
P (M2|D) =
P (D|M1)
P (D|M2)
P (M1)
P (M2)
. (12)
In our case, the probability densities, P (D|M1) and
P (D|M2) correspond to integrals of Equations 8 &Equa-
tion 4 over all of parameter space, and we assume that,
a priori, a star is as likely to be a non-oscillator as an os-
cillator, in which case the prior odds of M1,
P (M1)
P (M2)
= 1.
The Bayes factor is defined as B ≡ P (D|M1)P (D|M2) .
To compute the Bayes factor, one needs to integrate
the conditional probability densities of Equations 8 & 4
over all of parameter space. Though these conditional
probability densities share the same priors on granu-
lation parameters, P (θmeso, θgran|θexcess), they do not
neatly cancel out when computing the Bayes factor be-
cause P (D|M1) and P (D|M2 in Equation 12 are each
separate integrals involving these priors. Such inte-
grals are often computationally expensive to do, and
analytically intractable. Fortunately, there are various
methods available to approximate the Bayes factor (e.g.,
Green 1995; Chib & Jeliazkov 2001; Skilling 2004). We
use the widely-applicable Bayesian Information Crite-
rion (WBIC; Watanabe 2013) to compute the Bayes fac-
tor. This method generalizes the Bayesian Information
Criterion (Schwarz 1978), such that the WBIC approx-
imates the Bayes factor in the limit of weak priors and
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with the assumption that the posterior is asymptotically
normal:
lnB ≈ ∆WBIC ≡< lnL1 >P (θ|D) − < lnL2 >P (θ|D),
(13)
where <>P (θ|D) indicates a mean taken over the mod-
ified posteriors of Equations 14 & 15 (see below),
and the likelihoods are from Equations 8 & 4 (L1 ≡∏
j
[
1
Atot(νj)
exp
(
− Ao(νj)Atot(νj)
)]
and L2 ≡
∏
j
[
1
A(νj)
exp
(
−Ao(νj)A(νj)
)]
).
Crucially, the WBIC approach means that the Bayes
factor can be computed trivially in a MCMC set-
ting. We compute the means < lnL1 >P (θ|D) and
< lnL2 >P (θ|D) using our two-step MCMC method,
recalling that we perform fits to the data both with
and without a power excess term (Equations 5 &Equa-
tion 2). For the purposes of approximating the Bayes
factor, then, we run each MCMC an additional time,
except using modified conditional posteriors so that
instead of Equations 8 & 4, we have:
P (θmeso, θgran, θexcess|D) ∝ P (θmeso, θgran, θexcess)∏
j
[
1
Atot(νj)
exp
(
− Ao(νj)
Atot(νj)
)]β
(14)
and
P (θmeso, θgran|D = {(νj , Ao(νj)), j = 0, 1, 2, ...}, θexcess)
∝ P (θmeso, θgran|θexcess)
∏
j
[
1
A(νj)
exp
(
−Ao(νj)
A(νj)
)]β
,
(15)
where β ≡ 1/ lnN , with N being the number of points
in the power spectrum being fit. While performing a
MCMC fit using posteriors from Equations 14 & 15 in
place of Equations 8 & 4, we save the original likelihoods
from Equations 8 & 4 at each link in our MCMC chains.
In the end, we take an average of those likelihoods, insert
into Equation 13, and in this way compute the Bayes
factor.
We interpret the strength of evidence for the Gaus-
sian excess model following Kass (1995), who recom-
mend that lnB > 1 would indicate positive evidence
for the Gaussian excess model. We also require that the
granulation component be resolved by imposing that the
white noise be lower than the granulation component
power (i.e., that the white noise should not dominate
the power spectrum). Note that these selection crite-
ria do not include information about ∆ν: identifying
excess power corresponding to νmax is easier than iden-
tifying ∆ν, especially in the presence of mixed modes
exhibited in red clump stars. The sample of non-GAP
red giants that we will discuss in §4 are these candi-
dates that had evidence according to the Bayes factor
of exhibiting solar-like oscillations (lnB > 1): 316 giant
candidates are chosen in this way from the non-GAP
sample of 13016 objects.
For every star in this sample of oscillating red giant
candidates, we confirmed BAM’s selections as bona fide
giants or not by visual inspection of the power spectra.
We categorized each of BAM’s giant candidates into one
of three categories: as having 1) a spectrum with oscil-
lation modes that are discernible individually by eye or
with excess power that is conspicuous by eye (‘yes’ oscil-
lator); 2) a spectrum with marginal evidence of excess
power at a frequency consistent with the shape of the
granulation and meso-granulation components (‘maybe’
oscillator); or 3) a spectrum that shows at best very
weak evidence of excess power or whose model power
spectrum is in clear disagreement with the observed one
(‘no’ oscillator). The νmax inferred by eye in the ‘yes’
and ‘maybe’ cases must be within 3µHz− 283µHz, such
that giants that show evidence of a granulation spec-
trum at low frequencies are not selected as oscillators
if the power excess is not visible above 3µHz. In this
discernment process, the amplitude of the power spec-
trum, which has a relation to νmax (as formalized, e.g.,
in Kallinger et al. 2014 and in Table 1), is allowed to be
10-50 times smaller than might be expected of a giant,
to allow for cases where light from a non-oscillator con-
taminates the light curve, hence reducing the fractional
brightness variation from granulation and oscillations.
This effect can be significant. For instance, if a fore-
ground dwarf of the same brightness as a background
giant falls on the giant’s aperture mask, it would dilute
the signal of the giant’s power spectrum by a factor of
four.
Upon this visual verification, 31 of BAM’s non-GAP
giant candidates were certain oscillators; 73 possible os-
cillators; and 212 not oscillating giants.
4. RESULTS AND DISCUSSION
We apply the BAM pipeline to 13016 C1 targets with
VJ light curves not in the GAP sample, which have been
selected for a wide range of science programs—mostly
detection of planets around dwarfs. We identify 31 red
giants that have detectable oscillation excesses that sat-
isfy the BAM selection criteria of §3.6 and that have
been validated by individual inspection — 21 of these
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Figure 7. Magnitude distribution of the BAM non-GAP
giant sample of this work (solid green line), compared to all
observed non-GAP C1 targets (dashed green line); all GAP
targets (dashed blue line); and GAP oscillators from Stello
et al. (2017) (solid blue line).
are from GO proposal target lists that did not intention-
ally target giants. An additional 73 objects are potential
giants, though can not be definitely confirmed as such.
70 of these ‘maybe’ cases are from programs that did not
intentionally target giants. Combined, these 104 red gi-
ants and red giant candidates represent an 8% increase
in the number of giants identified from C1 compared to
those from the GAP sample Stello et al. (2017), which
expressly targeted giants. The global oscillation param-
eters and granulation parameters for the red giants and
red giant candidates are given in Table 3.
4.1. Completeness and purity of observed non-GAP
giants
The magnitude distribution of the stars we find in this
serendipitous sample, shown in Figure 7, demonstrates
that BAM can recover red giant oscillations in K2 down
to Kp ∼ 14 (H ∼ 12). All the adopted magnitudes and
colors we use in the following are taken from the Ecliptic
Input Catalogue (EPIC; Huber et al. 2016).4 Note that
even though the majority of the non-GAP C1 targets
have Kp & 15 (dashed green), the non-GAP giant sam-
ple from this work mostly has Kp . 15 (solid green).
This is due to white noise dominating the spectra of
giants at fainter magnitudes, and is the reason why the
4 A few objects had photometry in the EPIC that did not
correspond to the giant in question, and these mismatches were
corrected by searching for the nearest, brighter neighbor in the
EPIC. The EPIC IDs affected were 201269306, 201472519, and
201724514.
number of GAP giants also drops beyond Kp & 13 (solid
blue). We adopt a conservative Kp = 13 as our fiducial
completeness limit, whose actual completeness we will
test in the next section by comparing to a model of the
C1 non-GAP oscillators.
The purity of the non-GAP giant sample from BAM
can be thought of as how many giants are verified vi-
sually as giants out of all the candidates that BAM be-
lieves are giants (i.e., 31 out of 316). Given that the
majority of the non-GAP targets were selected by GO
programs to be dwarfs, it is unsurprising that there are
giant impostors that BAM mistakenly selected as giant
candidates. Encouragingly, we find that BAM does not
mistake the power in the frequency spectra from K2’s
regular thruster firing for genuine oscillator excess. In-
stead, the objects mistakenly flagged as oscillators are
due to one of a handful of failure modes. A full half of the
false positives are objects exhibiting sharp, periodic sig-
nals overlaid on smooth, power-law spectra. Unlike gen-
uine solar-like oscillators, however, objects falling into
the latter failure mode generally exhibit multiple peaks
(e.g., in Figure 8a). In future work, power spectra of pe-
riodic signals could be separated from those of giants by
adding a second power excess component in Equation 5.
If the best-fitting model preferred two regions of power
excess instead of one, the spectrum would be rejected as
a possible periodic case and not a giant. The other half
of the false positives are either borderline ‘maybe’/‘no’
cases where the power excess is seemingly absent, but a
granulation signal is present; cases in which BAM has
converged on an incorrect νmax (in which case, even if
the giant is oscillating, it is assigned a ‘no’ category); or
dwarfs that have enough low-frequency activity to mimic
a noisy giant granulation spectrum. Examples of these
false positives are shown in Figures 8a&b, in addition
to an example of a potential giant oscillator (Figure 8c)
and examples of bona fide oscillators (Figures 8d-f).
To get a better idea of the completeness of the sam-
ple, and to better understand the distributions of the
observed properties of the non-GAP giant sample, we
compare to a simulation that we describe in the next
section.
4.2. Galaxia simulation of non-GAP giants
We model the non-GAP giant population using a
Galaxia synthetic population of all stars in the field
of Campaign 1 (see Sharma et al. 2011 for a descrip-
tion of Galaxia and Stello et al. 2017 for a compar-
ison of this synthetic population to observed astero-
seismic red giants from the GAP targets). Non-GAP
Galaxia giants are defined to have 3µHz < νmax <
290µHz, Kp < 13, and a probability of detection
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Figure 8. Examples of the raw (black) and smoothed (red) power spectra of giant candidates selected by BAM, by requiring
that the WBIC favor Equation 5 over Equation 2 (see §3.6). Each component of the models is shown in green dashed curves
(white noise, Gaussian excess, and Harvey components), with the total model in blue. The top row shows BAM giant candidates
determined to be false positives by visual inspection: EPIC 201180425 (a) shows a periodic signal, an alias of which BAM has
mistaken for solar-like oscillations; EPIC 201758449 (b) shows a dwarf-like power spectrum that is at best a borderline no/maybe
case — BAM has converged on a suboptimal model in this case, in addition; and EPIC 201659364 (c) shows what may be a
giant spectrum with no discernible oscillation modes. In all panels in this row, shown in grey is a smoothed VJ spectrum when
the thruster firing has been removed according to the procedure described in §2. The bottom row shows BAM giant candidates
confirmed by visual inspection. The model of EPIC 201763504 (d) has been convolved with the spectral window, which allows
BAM to fit the correct νmax at ∼ 8µHz rather than the spectral noise at ∼ 50µHz (see text).
greater than 95% according to the same procedure used
in Chaplin et al. (2011). However, here we assume√
Amax = 2.5 (L/L)
0.9
(M/M)
−1.7
(Teff/Teff, )
−2.0
(Stello et al. 2011) and noise equal to that of K2. The
use of a stellar population model of C1 like this is
to make population-level statements about the concor-
dance between the observed non-GAP giant population
with a simulated one, and ideally to come to conclu-
sions regarding the completeness and purity of the BAM
non-GAP giant sample. In what follows, we will ar-
gue that there are likely inadequacies in both the re-
covered observed distribution due to selection effects, as
well as inadequacies on the modeling side due to a diffi-
cult selection function and a probable metallicity offset
in Galaxia’s underlying stellar models.
In order to make a fair comparison between the ob-
served non-GAP targets and the non-GAP Galaxia
stars, we re-sampled the Galaxia simulation such that
it reproduced the observed non-GAP distribution in
(J − Ks,H) space. We first binned the observed non-
GAP stars in (J−Ks,H) space, and assigned each bin a
probability of sample membership proportional to the
number of stars in that bin, and such that the sum
of each bin’s probabilities summed to unity. We then
binned the Galaxia non-GAP stars using the same bins,
and re-sampled the stars by drawing a star one-by-one
with a probability equal to the aforementioned sample
membership probability of the bin in which it falls. The
bins were chosen to optimize agreement with the sim-
ulated and observed distributions in (J −Ks,H) space,
and were approximately (0.05mag, 1mag) in width. The
re-sampling stopped when the number of stars with
Kp < 13 equalled the number of stars in the observed
non-GAP sample with Kp < 13 (2080 stars in total).5
This process results in some stars having the same prop-
erties because there are not enough unique Galaxia
stars to match the number of observed stars. For this
reason, we added a spread of 3% on the simulated gi-
ants’ νmax, ∆ν, and 2% on photometry to avoid a sample
with identical stars. The re-sampled Galaxia distribu-
tion is shown in the grey contours in Figure 9. The blue
contours show the observed non-GAP population that
we wanted to simulate, which shows the simulation is
consistent with the observations. The simulated giants
5 12839 out of the 13016 non-GAP stars had valid Kp values
in the EPIC, 11579 of those had valid J −Ks colors, and 2080 of
those also had Kp < 13.
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Figure 9. A color–magnitude diagram for Galaxia stars
not passing GAP selection criteria (grey contours); Galaxia
giants not passing GAP selection criteria, with > 95% prob-
ability of detection (grey dots); and observed non-GAP stars
(blue contours). Contours enclose 68% (thick lines) and 95%
(thin lines) of stars in the plotted region. Contours have been
smoothed for illustrative purposes. Overlaid are stars from
the non-GAP C1 target sample returned by BAM that visual
inspection classified as definitely oscillators (green dots; 31
stars), maybe oscillators (magenta dots; 73 stars), and not
oscillators (red dots; 212 stars).
within this sample, defined as mentioned above to have
3µHz < νmax < 290µHz, Kp < 13, and a probability of
detection greater than 95%, are shown by the grey dots.
4.3. Comparison to Galaxia
With the Galaxia model for the non-GAP giants in
hand, we can proceed to evaluate the agreement be-
tween simulation and observation, with implications for
both the purity/completeness of the BAM sample, as
well as the fidelity of the Galaxia simulation in its de-
scription of the data. Figure 9 shows that the recovered
giants (magenta and green dots) occupy two primary
magnitude–color loci: 1) bright, red objects (H < 7 and
J − Ks > 0.5), which were not targeted in GAP be-
cause of the the brightness cut in GAP of H > 7, and
2) giants at a typical magnitude, but bluer than typical
giants (7 < H < 13 and J − Ks < 0.5), which were
not in GAP because they have J − Ks < 0.5. First,
let us consider the blue (J − Ks < 0.5) giants, which
are the more numerous population. That Galaxia pre-
dicts the presence of this population (grey dots) is the
best indicator of agreement between our simulations and
observations. Indeed, we expect the blue population of
non-GAP giants is a result of at least two factors: 1) the
GAP J −Ks > 0.5 selection is arbitrary and there are
genuine oscillators with J−Ks < 0.5, and 2) due to pho-
tometric errors (taken to be ∼ 0.02 in the Galaxia C1
simulation), some oscillating giants with J − Ks > 0.5
will be scattered to J −Ks < 0.5. The Galaxia simula-
tion also successfully predicts the bright (H < 7) giants
should exist. Note that our simulations only extend to
our completeness cut of Kp = 13, and so we do not com-
ment on Galaxia agreement in the regime of H > 12.
If the non-GAP sample were drawn from a similar dis-
tribution as our Galaxia simulation, we would expect
the ratio of red (J −Ks > 0.5) to blue (J −Ks < 0.5)
giants in Galaxia to agree with that of recovered BAM
giants. We take the ratio of the observed number of
published ‘yes’ and ‘maybe’ oscillators from K2 GAP
DR1 (Stello et al. 2017; with Kp < 13 and J −Ks > 0.5
cuts applied) to those with J −Ks < 0.5 from the new,
non-GAP giant sample presented here, and compare it
to the expected ratio from Galaxia. For this test, the
(J − Ks,H) distribution of the GAP population was
simulated in Galaxia following the sample membership
probability procedure described above, only using the
GAP targets instead of the non-GAP targets. Giants
were then chosen to have 3µHz < νmax < 290µHz, a
probability of detection greater than 95%, and Kp < 13.
The resulting ratio for Galaxia of 13± 2 is significantly
less than the same ratio for the BAM distribution of ‘yes’
and ‘maybe’ GAP giants of 38±9.0, accounting for Pois-
son errors. Either the number of GAP giants are at odds
with predictions, the number of non-GAP giants are, or
both. Looking at the absolute numbers of giants in this
ratio, 651/17 for observed BAM giants and 821/64 for
Galaxia, the GAP giants agree better in number with
what is expected from Galaxia than do the non-GAP
giants. The 70% deficit in observed giants compared
to Galaxia for the blue, non-GAP giants indicates that
Galaxia predicts too many blue giants and/or BAM re-
covers too few blue giants. We consider both effects, in
turn.
One of the primary effects that might result in an over-
prediction in our Galaxia model’s number of non-GAP
giants is an incorrect selection function. The Galaxia
non-GAP sample as we have constructed it only repro-
duces the color-magnitude distribution of the many GO
proposal targets that comprise the non-GAP sample.
We expect this approach to globally describe the com-
plex selection function of the sample, given that the GO
proposals select objects based on color and magnitude
cuts. Indeed, the non-GAP sample does describe well
the observed sample (Figure 9). However, the major-
ity of the GO proposals that comprise the non-GAP
sample also use proper motion or reduced proper mo-
tion cuts to choose dwarfs. Although these cuts will be
functions of color and magnitude, we cannot precisely
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reproduce them in color and magnitude space. There-
fore, we tested how many Galaxia non-GAP giants re-
mained after applying a rather conservative (i.e., pre-
serving more giants than dwarfs) reduced proper motion
cut of V + 5 log10 µ > 20(V − J) − 25. (These cuts use
the kinematic information that is stored as a part of a
Galaxia simulation.) Only 11 non-GAP stars remained
after this reduced proper motion cut, which indicates
that the GO reduced proper motion cuts could explain
the difference between the observed number of non-GAP
giants (17) and that otherwise predicted by Galaxia
(64). Another selection function could still be at work
within the Galaxia model itself: an incorrect metallic-
ity distribution of disk stars could result in too many
blue giants, whose colors naturally depend on metal-
licity. A metallicity effect could also explain the offset
in red clump position with respect to the observed red
clump in K2 data, which is discussed in the next section.
With the reduced proper motion cut’s role in mind,
we still anticipate that some of the deficit in observed
numbers of non-GAP giants is likely to reflect genuine
incompleteness in the BAM giant sample. For example,
in a handful of cases in the false positive (‘no’s) sam-
ple, BAM performed a poor fit to the data, which will
mean its Bayesian model comparison will not be valid.
Also, blended light from dwarfs would also strongly se-
lect against recovery with BAM because of a dilution
of the oscillation signal resulting in significant depar-
tures from the amplitudes imposed by BAM’s priors in
Table 1. We note also that asteroseismic giant detec-
tion with K2 will miss giants with νmax . 3µHz and
νmax > 283µHz — the most evolved giants, and those
closest to the base of the red giant branch. Establishing
robust completeness and efficiency estimates is not the
purpose of this paper, however, and we will explore these
concerns more thoroughly in the next K2GAP data re-
lease (Zinn et al., in prep.).
We can also compare the Galaxia non-GAP red gi-
ant sample and the observed BAM non-GAP red gi-
ant sample in magnitude-νmax space, as shown in Fig-
ure 10. Kolmogorov-Smirnov tests indicate that both
the νmax distribution and Kp distribution for the def-
inite BAM red giants are in ∼ 3.2σ and ∼ 4.0σ ten-
sion with the Galaxia νmax and Kp distributions, as-
suming our adopted detection limit of Kp < 13. We
note at this point that the procedure to match observed
and Galaxia magnitude and color distributions (§4.2)
is stochastic because the distributions are matched by
drawing from probability distributions. This results in
the Galaxia giants having νmax and Kp distributions
that vary in their agreement with the observed non-
GAP giant distributions, fluctuating at the 0.3σ and
4 6 8 10 12 14 16 18
Kp [mag]
101
102
ν
m
a
x
[µ
H
z]
Galaxia (RG, > 95% yes)
non-GAP BAM (RG, no)
non-GAP BAM (RG, maybe)
non-GAP BAM (RG, yes)
Figure 10. νmax–Kp distribution of Galaxia predicted de-
tections of non-GAP oscillating giants (grey). Overlaid are
stars from the non-GAP C1 target sample returned by BAM
that visual inspection classified as definitely oscillators (green
dots; 31 stars), maybe oscillators (magenta dots; 73 stars),
and not oscillators (red dots; 212 stars).
0.4σ level, respectively. Keeping this caveat in mind,
there is still a tension in the simulated and observed
νmax distributions when marginalizing over realizations
of the Galaxia νmax distribution. That the tension in
νmax space decreases by ∼ 1σ with a reduced proper mo-
tion cut (see §4.2), indicates this difference might be due
to the un-modelled non-GAP selection function effects of
individual GO proposals. There could also certainly be
a νmax-dependent efficiency in BAM identifying giants.
Indeed, the latter effect is seen across various pipelines
when comparing to a ground truth set of giants in K2
fields identified by eye, even while Galaxia giant pre-
dictions as a function of νmax agree very well with the
ground truth (K2GAP DR2; Zinn et al., in prep.).
4.4. Properties of Galaxia and observed non-GAP
giants
We show in Figures 11 and 12 the ∆ν–νmax and Amax–
νmax relations for this sample (colored points), as well
as for the Galaxia model (black points). We have also
included BAM GAP giants published in Stello et al.
(2017), for reference (grey points). The agreement be-
tween model and observed properties in these spaces is
good, except for the clump, for which Galaxia predicts
a too-high ∆ν and Amax. We can see that Galaxia over-
predicts ∆ν and Amax (and does not under-predict νmax)
because the νmax location of the over-density in GAP
BAM stars at νmax ∼ 30µHz agrees with the location
of the over-density in the non-GAP Galaxia stars. Fig-
ure 13 shows a modified Kiel diagram, in which J −Ks
15
101 102
νmax [µHz]
100
101
∆
ν
[µ
H
z]
non-GAP Galaxia (RG, > 95% yes)
GAP BAM RG
non-GAP BAM (RG, yes)
non-GAP BAM (RG, maybe)
Figure 11. The ∆ν–νmax relation, with the non-GAP giant
sample shown as points with colors as in Figure 10, compris-
ing stars that have both ∆ν and νmax measured by BAM.
Grey points are BAM results from K2GAP DR1 (Stello et al.
2017), and black points are from our Galaxia simulation of
the non-GAP giant sample. The dashed line corresponds to
the nominal K2 thruster firing frequency.
color is used instead of temperature and νmax instead
of gravity6. In this space, we can see that nearly all of
the observed non-GAP sample is found at or below the
clump (at νmax ∼ 30µHz), and that the location of the
Galaxia clump overlaps with several of the presumable
observed red clump stars, confirming that the Galaxia
clump νmax locus is not discrepant with the observed lo-
cus. That the modeled clump ∆ν locus is offset from the
observed clump ∆ν locus is another indication that the
Galaxia models could be relying on a Galactic metallic-
ity distribution at odds with the actual one — a conclu-
sion that one arrives at when comparing Galaxia stellar
parameters to those from asteroseismology in other K2
campaigns (Sharma et al. 2019).
4.5. Implications for dwarf selection purity
A summary of the number of ‘yes’ and ‘maybe’ giants
broken down by the GO target list from which they arise
is shown in Table 4. 21 of the sample of non-GAP giants
are serendipitous: they are only targets from GO pro-
posals that do not intentionally select giants. This, in
6 Note the reversed y-axis: a smaller νmax means a smaller
gravity, and so is in the sense of a normal Kiel diagram.
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102
103
104
105
106
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2
µ
H
z−
1
]
non-GAP Galaxia (RG, > 95% yes)
GAP BAM RG
non-GAP BAM (RG, yes)
non-GAP BAM (RG, maybe)
Figure 12. The Amax–νmax relation, with the non-GAP
giant sample shown as points with colors as in Figure 10.
Giants for which νmax . 4µHz are considered upper limits.
Grey points are BAM results from K2GAP DR1 (Stello et al.
2017), and black points are from our Galaxia simulation of
the non-GAP giant sample. BAM K2GAP DR1 amplitudes
were not published in (Stello et al. 2017), though are repro-
duced here. The dashed line corresponds to the nominal K2
thruster firing frequency.
turn, allows us to say that the purity of giant exclusion
across K2 C1 GO proposals is ∼ 99%, based on the ob-
served confirmed number of serendipitous giants found
among the GO target lists that do not purport to select
giants (those that intentionally target giants are not in-
cluded in our calculation of dwarf purity, and are noted
in Table 4). The purity decreases a negligible amount if
also including the BAM non-GAP ‘maybe’ giants. This
estimated dwarf selection purity is an upper bound be-
cause we have certainly not recovered all the giants due
to reasons discussed in §4.2. In this estimate, we have
only counted targets that are within our completeness
limit of Kp < 13. In this sense, we confirm that the K2
dwarf samples chosen with color and proper motion cuts
are generally free from giants for Kp < 13.
5. CONCLUSION
In this paper, we have presented the BAM pipeline,
which calculates global oscillation parameters in a
Bayesian framework. A major advantage of the Bayesian
fitting method we have employed is its natural basis for
probabilistic selection of likely true oscillators among
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Figure 13. Modified Kiel diagram, with the non-GAP giant
sample shown as points with colors as in Figure 10. The
grey points are predictions from a simulation of the non-GAP
stellar population in Campaign 1 using Galaxia (Sharma
et al. 2011). See text for details. Evolutionary tracks for a
1.3M star with [Fe/H] = 0 (dark grey) and [Fe/H] = −1
(light grey) from MIST (Dotter 2016; Choi et al. 2016) are
shown for visualization purposes.
a collection of light curves. In the process of devel-
oping this pipeline and applying it to K2 Campaign 1
(C1) stars, including both Galactic Archaeology Pro-
gram (GAP; Stello et al. 2015, 2017) giant targets and
non-GAP dwarf targets, we have found the following:
1. We have identified as-of-yet an unidentified noise
pattern present in Vanderburg & Johnson (2014)
light curves of C1 stars that causes a splitting of
the nominal thruster firing frequency artefact at
47.22µHz in a time-dependent manner.
2. We have additionally shown that it is necessary
to account for the spectral window in fitting the
spectra of solar-like oscillators in order to model
the unphysical spectral leakage in the power spec-
trum of oscillators with νmax . 15 µHz. In this
work, we have done so by convolving models of the
granulation with the observed window function.
3. We have benchmarked our asteroseismic param-
eters against the existing SYD asteroseismic
pipeline, and quantified statistical and system-
atic errors for BAM parameters accordingly. We
find typical errors for K2 BAM giants in νmax and
∆ν of ∼ 1.53%(random) ± 0.2%(systematic) and
1.51%(random)± 0.6%(systematic).
4. As an example application of BAM, we have also
presented a sample of 104 non-GAP BAM red gi-
ants and red giant candidates from C1 identified
by their solar-like oscillations, 91 of which were not
selected by Guest Observer proposals to be giants,
and hence are serendipitous discoveries.
5. The size of the non-GAP BAM red giant sample
suggests that K2 C1 dwarf samples chosen with
color and proper motion cuts are generally free
from giants for Kp < 13 to a high degree (upper
bound of ∼ 99% pure).
6. Simulated Galaxia C1 non-GAP giant popula-
tions are in tension with the Kp and νmax distribu-
tions of observed non-GAP giants with Kp < 13
found by BAM. When considering also the higher-
than-observed number of blue (J −Ks < 0.5) gi-
ants in the Galaxia model, the disagreement be-
tween model and observation can be explained by
the proper motion cuts used to select the non-
GAP targets. There is also likely incompleteness
in the BAM giant detection process, which will be
addressed in future work. Finally, the Galaxia
metallicity distribution is likely different than the
distribution of the non-GAP stars (Sharma et al.
2019).
BAM promises to robustly identify and characterize
solar-like oscillators in K2 and the TESS mission (Ricker
et al. 2014), which is observing hundreds of thousands
of red giants with at least 30 minute cadence. Though
it will perform at least as well as K2 in resolving oscilla-
tions on the lower giant branch, the majority of TESS’s
red giant data will have roughly half the temporal base-
line of K2, and therefore will be a factor of two worse in
spectral resolution. Spectral resolution is particularly
important in identifying the low frequency oscillators
like those presented here. In this sense, BAM’s Bayesian
fitting techniques will take advantage of the information
in (‘global’) features of the power spectrum that are less
sensitive to degraded frequency resolution, in order to
robustly identify νmax for TESS giants.
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Guest Observer ID Giant fraction (yes) Giant fraction (maybe) Notes
GO1001 0/3 0/3
GO1002 1/30 0/30
GO1003 0/2 0/2 Targeted extremely red stars, many likely to be
AGB and long-period variables, which would not
have been selected by BAM because their frequen-
cies would be below our cutoff of 3µHz.
GO1005 0/16 0/16
GO1006 0/20 0/20
GO1014 0/1 0/1
GO1021 0/1 0/1
GO1023 0/4 0/4
GO1026 0/2 0/2 Targeted eclipsing binaries, some of which may be
giants.
GO1027 2/50 1/50 Targeted AF-type stars, the coolest of which
might be oscillating giants.
GO1029 0/1 0/1
GO1030 0/1 0/1
GO1036 0/38 0/38
GO1038 0/12 1/12 Targeted potential oscillators.
GO1040 5/6 0/6 Targeted bright giants.
GO1043 0/25 0/25
GO1046 0/3 0/3 Targeted bright stars, among them three sub-
giants, which likely will not oscillate below the
long cadence Nyquist frequency of ∼ 283µHz.
GO1052 0/1 0/1
GO1053 0/1 0/1
GO1054 9/2092 5/2092
GO1055 0/39 0/39
GO1057 0/1 0/1 Targeted giant oscillators, and this object was
missed by BAM.
GO1061 2/7 0/7
GO1062 3/4 0/4
GO1066 3/3 0/3 Targeted subgiants.
GO1068 0/3 0/3 Targeted eclipsing binaries, some of which may be
giants.
GO1069 0/6 0/6
GO1072 0/4 0/4
GO1073 0/10 0/10
GO1074 1/3 0/3 Targeted extra-galactic objects.
Table 4. The number of confirmed and marginal giants discussed in this paper found in the observed targets of various
Guest Observer proposals gives an indication of the success at rejecting giants using color and proper motion cuts. Note that
the tabulated numbers only include targets that had long cadence data. Unless otherwise noted above, the Guest Observer
proposals did not, to our knowledge, target giants. We have not listed GO1059, because that is the GAP.
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